We have analyzed two laboratory datasets obtained on high-porosity rock samples from the North Sea. The velocities observed are unusual in that they seem to disagree with some simple models based on porosity. On the other hand, the rocks are unusually poorly-cemented (for laboratory studies, at least), and we investigate the likelihood that this is the cause of the disagreement. One set of rocks, from the Oseberg field, is made of slightly cemented quartz sands. We find that we can model their dry-rock velocities using a cementation theory where the grains mechanically interact through cement at the grain boundaries. This model does not allow for pressure-dependence. The other set of rocks, from the Troll field, is almost completely uncemented. The grains are held together by the applied confining pressure. In this case, a lower bound for the velocities can be found by using the Hertz-Mindlin contact theory (interaction of uncemented spheres) to predict velocities at a critical porosity, combined with the modified HashinStrikman lower bound for other porosities. This model, which allows for pressure-dependence, also predicts fairly large Poisson's ratios for saturated rocks, such as those observed in the measurements. The usefulness of these theories may be in estimating the nature of cement in rocks from measurements such as sonic logs. The theories could help indicate sand strength in poorly-consolidated formations and predict the likelihood of sand production. Both theoretical methods have analytical expressions and are ready for practical use.
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INTRODUCTION
Exploring seismic-velocity-to-porosity transformations in various lithologies has been one of the important research areas in rock physics. The main application of this knowledge is to predict porosity from sonic logs and from seismic.
Often the elastic moduli of rock are used instead of velocities. Among them are the compressionalwave modulus (or the M -modulus) and the shear modulus ( G ). They can be expressed through V p , V s , and density ρ as M = ρV p 2 , G = ρV s 2 .
It has been established that in consolidated sandstones elastic moduli depend approximately linearly on porosity. The straight line connects two end members: one has zero porosity and a modulus close to that of the solid phase, another has "critical" porosity and (for dry rock) a modulus close to zero. The critical porosity value for sandstones is between 0.36 and 0.4. Two groups of highporosity sandstones from the Oseberg and the Troll fields defy this simple rule (Figure 1) . They represent two different trends where the modulus changes with changing porosity not as dramatically as it does in consolidated sandstones. Our goal is to understand the physical principles that govern velocity-porosity relations in unconsolidated sandstones and to develop a predictive theory.
The two laboratory datasets have been obtained on high-porosity rock samples from the North Sea. The first set is from the Oseberg field (Strandenes, 1991) . Some of these samples are shales and/or have strong intrinsic anisotropy. We select a subset that includes structurally and acoustically isotropic quartz sands with porosities between 0.13 and 0.32. Quartz volumetric content varies from 0.6 to almost 1.0. The thin section images reveal slight quartz cementation among the grains. Two other dominant minerals here are mica (up to 0.15 volume fraction) and clay (up to 0.25 volume fraction). Nur's Critical Porosity Line Figure 1 . The compressional wave modulus ( M -modulus) and the shear modulus versus porosity for three groups of dry rocks at 30 MPa confining pressure: consolidated sandstones without or with only small amounts of clay (Han, 1986) , Oseberg sands (Strandenes, 1991) , and Troll sands (Blangy, 1992) .
The second set represents unconsolidated sands from the Troll field with porosities between 0.22 and 0.38 (Blangy, 1992; and Blangy et al., 1993) . The thin section images show that intergranular cementation here is practically absent. Quartz is the dominant mineral in these sands with volume fraction varying between 0.5 and 0.8. Two other major mineral components are feldspar and mica.
Based on the apparent microstructure of the two rock groups we apply two theories to describe them. The first one is the cementation theory (Dvorkin et al., 1991 and . This theory describes the mechanical interaction between grains that are bound together by intergranular cement without reliance on normal loading stresses to maintain contact. An important implication of this theory is that even very soft cement is load-bearing and thus very small amounts of cementation can significantly increase the stiffness of a granular composite. We use this theory to describe the Oseberg samples.
The second theory is based on the contact model of Hertz and Mindlin (Mindlin, 1949 ) that describes the mechanical interaction between two smooth uncemented elastic spheres based on friction and loading by normal stresses. We use this model to calculate the elastic moduli of sand at critical porosity. To extend it for different porosities, we use the modified Hashin-Strikman lower bound where one end member has zero porosity and the modulus of the solid phase and another end member has critical porosity and a pressure-dependent modulus given by the Hertz-Mindlin theory. This Hertz-Mindlin-HashinStrikman (HMHS) model allows us to account for the noticeable pressure dependence normally observed in sands. We apply it to describe the Troll samples.
CONTACT THEORIES Cementation
The cementation theory by Dvorkin et al. (1991 and gives the normal and shear stiffnesses of a two-grain combination with elastic cement at the contact. Stiffnesses thus obtained can be used in various effective medium approximations. An appropriate approximation for sand is a random pack of identical spherical grains. The original theory requires some computational effort to obtain the stiffnesses. By doing these computations in a broad range of the elastic constants of the grains and those of the cement, and for varying amounts of cement we have arrived at easily usable correlations as described below and in Appendix.
We assume that the starting framework of cemented sand is a dense random pack of identical spherical grains with porosity φ 0 ≈ 0.36 and the average number of contacts per grain n ≈ 9. Adding cement to the grains acts to reduce porosity and to increase the effective elastic moduli of the aggregate. Then these effective dry-rock bulk ( K eff ) and shear ( G eff ) moduli are K
where M c and G c are the compressional-wave and the shear moduli of the cement, respectively; ρ c is its density; and V pc and V sc are its P-and S-wave velocities. Parameters S n and S τ are proportional to the normal and shear stiffness, respectively, of a cemented two-grain combination. They depend on the amount of the contact cement and on the properties of the cement and the grains (see Appendix). The amount of the contact cement can be expressed through the ratio α of the radius of the cement layer a to the grain radius R :
The radius of the contact cement layer a is not necessarily directly related to the total amount of cement: part of the cement may be deposited away from the intergranular contacts ( Figure 2a ). However by assuming that porosity reduction in sands is due to cementation only, and by adopting certain schemes of cement deposition we can relate parameter α to the current porosity of cemented sand φ . For example, we can use Scheme 1 where all cement is deposited at grain contacts ( Figure 2b ):
or we can use Scheme 2 where cement is evenly deposited on the grain surface ( Figure 2c ):
In formulas (2) and (3) S is the cement saturation of the pore space. It is the fraction of the pore space (of the uncemented sand) occupied by cement (in the cemented sand). It follows from the cementation theory that even soft contact cement is load-bearing. Thus even small amounts of cement, if deposited precisely at grain contacts, act to dramatically increase the stiffness of a particulate aggregate. This theoretical conclusion is well supported by experimental facts (Figure 3 ).
Hertz-Mindlin theory with the modified Hashin-Strikman lower bound
The contact Hertz-Mindlin theory (Mindlin, 1949) gives the following expressions for the effective bulk ( K HM ) and shear ( G HM ) moduli of a dry dense random pack of identical spherical grains subject to a hydrostatic pressure P :
where ν is the grain Poisson's ratio and G is the grain shear modulus. Formula (4) describes the effective elastic properties of sand at critical porosity φ 0 . In order to find the effective moduli ( K eff and G eff ) at a different porosity φ we propose a heuristic modified HashinStrikman lower bound based on the original Hashin-Strikman lower bound (1963):
where K is the grain bulk modulus.
This model connects two end members: one has zero porosity and the modulus of the solid phase and another has critical porosity and a pressure-dependent modulus as given by the Hertz-Mindlin theory (Figure 4 ). It is apparent that this contact theory allows one to describe the noticeable pressure dependence normally observed in sands. The Hashin-Strikman low bound is appropriate to describe materials close to suspensions. Blangy et al. (1993) show that such models give accurate estimates for velocities in unconsolidated sands. The applicability of contact theories to describing granular rocks has been explored by many authors. A detailed investigations was done by Murphy (1982) . Notice that the dry-rock Poisson's ratios, as predicted by formula (4), do not vary with pressure. At the same time, porosity correction given by formula (5) makes the Poisson's ratio slightly pressuresensitive.
APPLYING THE THEORY Oseberg
The Oseberg samples have noticeable mineralogical diversity with quartz as the main component. Based on this last fact we model them as pure quartz sand bound by quartz or clay cement. We assume that cement is evenly deposited on the grain surface, as in Scheme 2, and calculate the dry-rock velocities from formulas (1) and (3). The bulk modulus, shear modulus, and density of quartz are chosen as 38 GPa, 44 GPa, and 2.65 g/cm 3 , respectively (Carmichael, 1990) . Our estimates based on the cementation theory capture dry-rock velocity values reasonably well in the relatively clay-free Oseberg samples at confining pressure ranging from 20 MPa to 40 MPa ( Figure 5 ). The theory explains the small variation of velocities with changing porosity.
We also calculate dry-rock velocities in the Oseberg samples by assuming that cement is clay. The bulk modulus, shear modulus, and density of clay are chosen as 21 GPa, 7 GPa, and 2.58 g/cm 3 , respectively. The velocity values were derived by extrapolating the experimental linear velocity-porosityclay relations obtained by Tosaya (1982) for clay-bearing Gulf sandstones. The density was calculated from the measured density of samples with high clay content, and known porosity and mineralogy. The theoretical line is close to the data points for the Oseberg samples with 10 -25 volume percent of clay. It is interesting that reducing the cement's stiffness does not significantly reduce the stiffness of the cemented aggregate ( Figure 5 ).
It is important to mention that the cementation theory currently does not account for velocity changes with changing confining pressure. The effective reservoir pressure in the Oseberg field is about 23 MPa. It is crucial that the theory works well at this confining pressure. In fact, the theoretical bounds slightly overestimate the observed values at 20 MPa. We speculate that one reason for this effect may be core damage during pressure release and thus a permanent velocity reduction. Holt et al. (1994) show that if a rock sample is unloaded and then reloaded to the initial pressure level, the velocities do not recover their initial values. Thus we conclude that the cementation theory has good predictive power for velocities in slightly cemented sands. It allows one to determine the cementing mineral (quartz or clay in this example).
The cementation theory lacks predictive power when applied to calculate Poisson's ratios in dry, as well as in saturated rock (Figure 6 ). 
Troll
Some of the Troll samples have large amounts of feldspar and mica. It would be logical to apply the HMHS scheme to grains made out of a "composite" solid phase that is a mixture of the dominant minerals present in the samples. We find that the theoretical velocities calculated using such mineral mixtures are very close to those calculated using pure quartz grains. The theoretical results for dry rock generally serve as an accurate lower bound for the Troll experimental values (Figure 7) .
The data for dry Ottawa sand at 30 MPa confining pressure is plotted in these graphs for reference. There is a large disparity not only between the theoretical and the experimental values for Ottawa sand but also among the experimental values for the three samples. One reason may be a variation in compaction and sorting among these samples. As a result, the average number of contacts per grain may not always be 9 and may vary among the three samples of Ottawa sand.
Low-frequency water-saturated-rock velocities are computed from the dry-rock data using Gassmann's (1951) formula (Figure 8 ). The relative errors of the theoretical estimates are reduced as compared to the dry-rock results. There are two apparent reasons for this improvement. First, pore fluid acts to reduce the dry-rock velocity variation among low-velocity samples. Second, it acts to strongly increase P-wave velocities thus reducing relative errors. Han (1986) , Yin (1993) , and Domenico (1984) . The last reason is also responsible for the accurate predictions the HMHS model provides for saturatedrock Poisson's ratios (Figure 9) . These values are high and match those generally observed in saturated loose sediments. The physical meaning of these high values is clear: saturated loose sediments, especially with no confining pressure, are close to suspensions where Poisson's ratios have their maximum value of 0.5.
In the HMHS model, the saturated-rock Poisson's ratio increases with increasing porosity. This trend qualitatively agrees with that in the data and has a clear physical meaning --as porosity increases, the rocks approach the state of suspension and the Poisson's ratio approaches 0.5. At the same time, it is obvious that the Poisson's ratios of saturated rock obtained from formula (4), which does not account for porosity variation, will do as good quantitative predictions as those obtained from formula (5) where porosity is accounted for.
An important feature of the HMHS model is that while the dry-rock Poisson's ratios are only slightly pressure-dependent, the saturated-rock Poisson's ratios have a noticeable pressure dependence (Figure 9) .
We conclude that the HMHS model can be used to estimate and bound velocities in loose sands in the Troll field. It can accurately predict saturated-rock Poisson's ratios but should not be used to estimate dryrock Poisson's ratios at high pressure. 
DISCUSSION: PRACTICAL VALUE OF THE THEORIES Oseberg
We learn from the above theoretical speculations that in the Oseberg rocks a significant part of cement is deposited at grain contacts. This cementation pattern ensures strong velocity increase with only small porosity decrease and is likely to be responsible for the high velocities measured on these high-porosity samples. We speculate that this result can be generalized to give a rule: If high-porosity rock has velocity values close to those given by the cementation theory then it is cemented at grain contacts. The amount of the contact cement can be estimated by varying parameter α in the cementation theory (see Appendix) to match the data point. Thus velocity measurements reveal the internal rock structure.
The latter information is important in assessing, for example, a rock's strength. Yin and Dvorkin (1994) show that even very small amounts of contact cement (even if it is as soft as, e.g., clay) prevent the grains from breaking at high confining pressure (Figure 10) .
We conclude that if high-porosity sandstones have velocities in the range predicted by the cementation theory they are mechanically stable and sanding is unlikely.
The practical significance of the cementation theory is not only in its predictive power --it is likely that a simple linear velocity-porosity correlation obtained from the data will serve even better for the purpose of estimating porosity from seismic. The practical value is also in understanding the physical reasons for the measured velocities. This understanding may help assess a rock's mechanical stability and lead even further to estimating, for example, such a crucial parameter as permeability, once we are aware of the rock's internal structure.
Troll
Velocity values in the Troll samples can be adequately approximated by the HMHS model. This fact implies that the rock is held together by confining pressure only. The grains that are uncemented at high porosity stay uncemented as porosity decreases. Thus the additional material responsible for porosity reduction is deposited in the large pores, away from compliant contacts. This in turn implies that the rock is mechanically unstable and sanding is likely once uniform confining pressure is released. An important practical result is that the predicted very high Poisson's ratios in saturated rocks closely match the observed values. Thus by combining seismic and depositional history one can distinguish this unconsolidated and mechanically unstable rock from other types. 1 0 0 0 0 Figure 10 . Porosity versus hydrostatic confining pressure in water-saturated randomly packed glass beads that were a) uncemented and b) cemented by epoxy at their contacts . Porosity was measured by the volume of expelled fluid. In the uncemented case, a sharp porosity decrease is observed at about 50 MPa. The decrease is associated with the crushing of grains. The cemented grains (the volume of the epoxy accounted for only 10 percent of the pore space) did not crush. The photos showed that in the latter case, the grains stayed intact with the failure being localized within the epoxy.
CONCLUSION
The cementation theory explains well why the high velocity values are encountered in the highporosity Oseberg samples. This fact means that the grains mechanically interact through quartz cement that is deposited to strengthen the most compliant part of the pore space --grain contacts. The main practical conclusion is that if at high porosities velocity values are close to those provided by the cementation theory then the grain contacts are cemented. This in turn means that the rock is mechanically stable and sanding is not likely.
Velocity values in the Troll samples can be estimated from a combination of the Hertz-Mindlin contact theory and the modified Hashin-Strikman lower bound, the latter being close to an isostress model for suspensions. Thus in this rock contact cement is almost absent and grains are held together primarily by confining pressure. The model accurately predicts the high Poisson's ratios generally observed in saturated loose sediments.
The main practical conclusion is that if at high porosities velocity values are close to those provided by the HMHS model then there is no contact cement and the rock is held together by confining pressure only. Therefore, the rock is mechanically unstable and sanding is likely to occur once uniform confining pressure is released.
By analyzing the data and finding the appropriate theories to explain the observed trends we gain understanding of the internal rock structure and of stress transfer patterns.
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APPENDIX: EXPRESSIONS FOR STIFFNESSES
Parameters S n and S τ in formulas (1) are: where G and ν are the shear modulus and the Poisson's ratio of the grains, respectively; G c and ν c are the shear modulus and the Poisson's ratio of the cement, respectively; a is the radius of the contact cement layer ( Figure 2b, c) ; and R is the grain radius.
These formulas are statistical approximations of the rigorous cementation theory solutions . The error does not exceed one percent.
